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Gene-regulationDuring embryogenesis, the Dkk1 mediated Wnt inhibition controls the spatiotemporal dynamics of cell fate
determination, cell differentiation and cell death. Furthermore, the Dkk1 dose is critical for the normal Wnt
homeostasis, as alteration of the Dkk1 activity is associated with various diseases. We investigated the
regulation of Dkk1 expression during embryonic development. We identiﬁed nine conserved non-coding
elements (CNEs), located 3′ to the Dkk1 locus. Analyses of the regulatory potential revealed that four of these
CNEs in combination drive reporter expression very similar to Dkk1 expression in several organs of
transgenic embryos. We extended the knowledge of Dkk1 expression during hypophysis, external genitalia
and kidney development, suggesting so far to unexplored functions of Dkk1 during the development of these
organs. Characterization of the regulatory potential of four individual CNEs revealed that each of these
promotes Dkk1 expression in brain and kidney. In combination, two enhancers are responsible for expression
in the pituitary and the genital tubercle. Furthermore, individual CNEs mediates craniofacial, optic cup and
limb speciﬁc Dkk1 regulation. Our study substantially improves the knowledge of Dkk1 regulation during
embryonic development and thus might be of high relevance for therapeutic approaches.er).
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Wnt family proteins are involved in several developmental pro-
cesses and diseases (Cadigan and Nusse, 1997; Moon et al., 2004).
Canonically, theWnt signaling pathway is transduced via twodifferent
transmembrane receptors, Frizzled- and Lipoprotein-receptor-related
protein 5 and 6 (Lrp5/6). This signaling causes an inactivation of
Gsk3β, resulting in a stabilization of β-catenin. Thereby, β-catenin
enters the nucleus and promotes target gene expression by interaction
with Tcf/Lef transcription factors (Baeg et al., 2001; Wehrli et al.,
2001). The secreted and soluble cystein rich protein Dkk1 blocks
canonical Wnt signaling by forming a ternary complex with Lrps and
Kremen, a further transmembrane receptor. Thereby, a rapid endocy-
tosis and removal of the Lrp receptor from the plasmamembrane is
induced (Mao et al., 2002). Various embryonic patterning processes
require a distinct Dkk1 mediated Wnt inhibition via this interaction.
The relevance of the Dkk1 mediated Wnt inhibition was initially
demonstrated by Glinka et al. (1998) and Mukhopadhyay et al.
(2001), who identiﬁed Dkk1 as a potent “head inducer” in metazoan
development. Besides its essential function during head induction,
Dkk1 is expressed within various head derivates during later head
development, such as the ﬁrst branchial arch and its craniofacial
derivatives, the brain and eyes (Monaghan et al., 1999; Nie, 2005;Nie et al., 2005; Lewis et al., 2007). These data suggest additional
functions of Dkk1 in a variety of developmental processes during head
development.
During limb development, Dkk1 mediated inhibition of the
canonical Wnt signaling is required for compaction of the apical
ectodermal ridge (AER), a domain of epithelial cells at the distal tip of
the limb bud that governs proximo-distal limb outgrowth (Grotewold
et al., 1999; Church and Francis-West, 2002; Barrow et al., 2003;
Soshnikova et al., 2003; Adamska et al., 2003). The expanded AER
in Dkk1−/− mice results in polysyndactyly (Mukhopadhyay et al.,
2001). In turn, overexpression of Dkk1 in chicken limb buds induces
programmed cell death in the AER, resulting in limb truncations
(Grotewold and Rüther, 2002). To induce Dkk1 transcription, Bmp4
activates the transcription factor c-Jun via signaling through the N-
terminal c-Jun-kinase (Jnk) (Grotewold and Rüther, 2002). Recently,
we have demonstrated that the teratogen thalidomide provokes limb
defects by causing caspase-mediated cell death in early limb buds via
perturbing the Bmp/Dkk1/Wnt pathway. This indicates the relevance
of these signaling processes for correct limb development (Knobloch
et al., 2007, 2008).
In the mouse mutant doubleridge, 60 kb localized 160 kb 3′of the
last exon of Dkk1 are deleted (Adamska et al., 2003). In these mice,
Dkk1 expression is dramatically reduced in head, limbs and tail,
resulting in fore limb postaxial polysyndactyly (MacDonald et al.,
2004; Adamska et al., 2004). Further reduction of Dkk1 by combining
the doubleridgemutant with oneDkk1 null allele resulted in additional
head phenotypes, such as anophthalmia, hypoplastic anterior head
structures and vertebral fusions (Adamska et al., 2004). These ﬁndings
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region of the Dkk1 locus.
The regulatory control of the Dkk1 level also impacts the homeo-
static Wnt signaling range. When the Dkk1 level declines, embryo-
pathies and diseases such as cancer can occur (reviewed in Niehrs,
2006). Therefore, the Dkk1/Wnt homeostasis is critical throughout an
animal lifespan. For example, elevated Dkk1 serum levels of osteo-
sarcoma patients are thought to play a key role in this pathogenesis
and its attenuation by immunodepletion represents an auspicious
strategy for therapy (Lee et al., 2007). The tumor suppressor p53
plays an important role in the regulation of cell cycle progression,
differentiation and apoptosis (Levine, 1997). p53 binding to the
Dkk1 promoter causes Dkk1 upregulation, suggesting that Dkk1 might
mediate p53 tumor suppression by antagonizing the Wnt signaling
pathway (Wang et al., 2000). Dkk1 misregulation is also associated
with neuronal degeneration of Alzheimer's brain, as the beta-amyloid
peptide causes an p53-dependent induction of Dkk1 (Caricasole et al.,
2004). Thus, unraveling the control mechanisms of Dkk1 expression
will help to get closer insights into the molecular pathology of Dkk1-
mediated diseases.
We analyzed the regulation of Dkk1 expression, and identiﬁed
putative conserved regulatory sequences at the Dkk1 locus. In total
nine CNEs are located 3′ of the last exon of Dkk1. Four of these are
sufﬁcient to mirror the endogenous Dkk1 expression pattern.
Furthermore, we were able to extend the knowledge of the published
Dkk1 expression proﬁle during pituitary, kidney and external genitalia
development. Further characterization of the CNEs revealed that Dkk1
regulation is promoted by CNEs commonly during brain and meta-
nephros development, in combination during pituitary and genital
tubercle development and unique during craniofacial, limb and optic
cup development.
Results
The mouse 1.8 kb Dkk1 promoter fragment is not sufﬁcient to express a
reporter in transgenic embryos
Previous studies in tissue culture cells had revealed that the human
DKK1 gene is directly activatedbyWnts via TCF/Lef1 siteswithin a 2 kb
DKK1 promoter fragment (Chamorro et al., 2005; González-Sancho
et al., 2005; Niida et al., 2004). Furthermore, p53 was shown to bind a
p53 target site 2.1 kb upstream to the humanDKK1 start codon (Wang
et al., 2000). These data suggested that these sites might have regu-
latory capabilities even during embryonic development.
Similarly, six putative TCF/Lef1 binding sites and a weak putative
p53 response element are located 1.2 kb upstream to the mouse
Dkk1 start codon (Suppl. Fig. 1A, triangles). To test the regulatory
ability of the Dkk1 promoter during development, we cloned a frag-
ment, spanning 1.8 kb upstream and 60 bp downstream to the Dkk1
transcriptional start site in front of the bacterial lacZ gene (Suppl.Fig. 1. Conserved synteny of Dkk1 loci across vertebrates. The graph depicts Dkk1 loci in
browser”). The mouse Dkk1 locus was used as a basis. Red peaks imply newly identiﬁed CNE
to the Dkk1 transcriptional start in kb. Two conserved regions were identiﬁed in the cartila
Repetitive elements (green), expressed sequence tags (ESTs) and pseudogenes were ignor
simple repeats. Abbreviations: Hs=Homo sapiens; Md=Monodelphis domestica; Gg=Gallus
score: 75%; length: 100 bp.Fig. 1A). Transient transgenic embryos were generated and assayed
for X-Gal staining at E12.5, a stage, at which Dkk1 has previously been
shown to be expressed in various tissues (Monaghan et al., 1999; Nie,
2005). None of the seven transgenic embryos displayed any reporter
activity, as revealed by whole-mount stainings in comparison to the
endogenous pattern (data not shown; Suppl. Figs. 1B and C). Thus, the
1.8 kb Dkk1 promoter fragment is not sufﬁcient for transcriptional
activation of the Dkk1 reporter construct in transgenic embryos.
Identiﬁcation of nine conserved non-coding elements at vertebrate
Dkk1 loci
Because the Dkk1 expression pattern is evolutionary conserved
during vertebrate embryonic development (Monaghan et al., 1999),
we assumed that the transcriptional regulation of Dkk1 might also
be conserved. Therefore, we tried to identify conserved non-coding
elements (CNEs) by in silico analyses of the mouse Dkk1 locus (Fig. 1).
A comparison between mouse and human Dkk1 revealed several
broad sequence blocks conserved between human and mouse at the
Dkk1 locus. A comparison with more ancestral mammalian genomes
(e.g. Monodelphis domestica) revealed a reduced number of putative
regulatory sequences. A comparison with the chicken Dkk1 locus
revealed that nine CNEs were already present at the Carboniferous
period, located in a distance of 25 kb to 195 kb 3′ to the mouse Dkk1
transcriptional start (Fig. 1). Using whole genome shotgun searches,
we found that three of the CNEs were conserved at the Dkk1 locus of
the cartilaginous ﬁsh Callorhinchus milii, which arose 455 million
years ago. The identiﬁed CNEs share no similarities, neither among
each other, nor to conserved sequences at the Dkk2 or Dkk3 loci (data
not shown). Therefore, we suppose that the identiﬁed CNEs evolved in
parallel and are unique.
The identiﬁed CNEs are between 104 and 412 bp in length and each
of them shares a sequence identity above 70% from chicken to human
(Figs. 2B and A). Four CNEs are located inside the doubleridge location
(Fig. 2A). Weakening the search criteria to 60% or 50% sequence
identity increased the amount of putative regulatory sequences
(data not shown). To analyze the regulatory potential of these CNEs,
we cloned all or different combinations of CNEs, including 5′ and 3′
ﬂanking sequences downstreamof the SV40pA into theDkk1promoter
containing lacZ reporter construct (Fig. 2C). The identiﬁed CNEs 190
and 195 have been cloned together as a 5.7 kb genomic fragment. A
summary of constructs used in this study is given in Fig. 2C.
Four CNEs activate the reporter very similar to the endogenous Dkk1
expression in transient transgenic embryos
Transient transgenic embryos were generated and analyzed for
reporter activity at E12.5, a stage at which Dkk1 is characteristically
expressed in craniofacial derivates, limb buds and optic cups (Figs. 3J–L;
Monaghan et al., 1999; Nie, 2005). We initially tested three differentcartilaginous ﬁsh (Chondrichthyes), bird (Aves) and mammalian (modiﬁed after “Ecr
s. Nine of these sequences exist in the bird genome and are marked by numbers relative
ginous ﬁsh genome by “whole genome shotgun” alignments and are indicated by (+).
ed in our analyses. Blue=Dkk1 exons; yellow=Dkk1 3′UTR; green=transposons and
gallus; Cm=Callorhinchus milii. Parameter settings (Ecr browser): minimal alignment
Fig. 2. Genomic organization of newly identiﬁed CNEs at the mouse Dkk1 locus. (A and B) Location and characteristics of newly identiﬁed CNEs at the Dkk1 locus. CNEs and their
distances to the Dkk1 start codon at 23735764 are indicated by red diamonds. Coordinates are in orientation to the Dkk1 start, length in basepairs (bp); sequence identity between
chicken and human are indicated. Note that four CNEs are located within the doubleridge location. (C) Scheme of constructs tested in this study. CNEs used for the generation of the
transgenic mouse line (Tg107) are indicated.
258 O. Lieven et al. / Developmental Biology 340 (2010) 256–268combinations of CNEs in parallel to assess their regulatory ability.
Embryos carrying construct #1 exhibited reporter gene activity at
known Dkk1 expression sites such as maxillar and mandibular regions,
frontonasal process, optic cups and limb buds (Figs. 3A–C; compare to
Grotewold et al., 1999;Monaghan et al., 1999; Nie, 2005). However, this
transgene exhibited additional activity in dorsal head structures, aswell
as varying activity in the telencephalon and mesodermal structures
and lateral to the developing spine. These data suggest that the tested
construct contains sequences, which cause an ectopic reporter activity.
Transgenic embryos carrying construct #2 showed activity in the
same Dkk1 speciﬁc expression domains (Figs. 3D–F). In the head,
however, artiﬁcial reporter activity was now only detectable in the
lateral telencephalon. All four transgenic embryos carrying construct #3
showed an almost identical reporter pattern in the brain, optic cups,
craniofacialmesenchymeand limbs (Figs. 3G–I). Thesedata suggest that
CNEs 25, 114, 190 and 195 together function as Dkk1 enhancers in a
broad regulatory fashion.Dkk1 expression is mainly regulated by four CNEs
Because all transient expressing embryos, carrying CNEs 25, 114,
190 and 195 exhibited an identical and Dkk1 speciﬁc expression
at E11.5 and E12.5 (data not shown; Figs. 3G–I), we used these
CNEs for the generation of a transgenic mouse line (Tg107). As it has
been described for the endogenous Dkk1 expression the reporter is
activated in the anterior head process and in the anterior mesendo-
derm at E7.5 (Fig. 4A; compare to Kemp et al., 2005; Barrantes et al.,
2003). Reporter activity was detectable in the developing ventral
midbrain, in the optic vesicles, the ﬁrst branchial arch, the AER, the
posterior necrotic zone (PNZ) and in the very distal mesenchyme of
limb buds, closely resembling the Dkk1 expression pattern at E10.5
(Figs. 4B and C; data not shown). At E12.5, reporter activity in
derivates of the 1st branchial arch, in the optic cups and limbs was
very similar to the endogenous Dkk1 expression pattern (Fig. 4D). At
later embryonic development, reporter activity is stable and in
Fig. 3. CNEs 25, 114, 190 and 195 together promote reporter expression very similar to the endogenous Dkk1 expression pattern. LacZ activity in whole-mount embryos at E12.5,
under control of different combinations of CNEs tested in parallel. (A; D; G) Lateral views, (B; E; H) ventral views and (C; F; I) dorsal views of whole-mount lacZ stained embryos.
(J–L) Dkk1 expression pattern at E12.5 as a comparison. (A–C) All CNEs together (construct #1) mediate reporter activity in craniofacial maxillar (mx) and mandibular (mn)
mesenchyme, fore limbs (ﬂ), hind limbs (hl) and optic cups (oc). Additionally, the reporter is ectopically activated in the dorsal head and lateral to the spine. (D–F) CNE25, 114, 168,
175, 190 and 195 (construct #2) together promote activity in these domains; however, reporter activity in the head is more distinct. (G–I) CNE25; 114; 190 and 195 (construct #3)
promote reporter expression in the eyes, craniofacial, limbs and brain, very similar to the endogenous Dkk1 expression pattern (J–L). (A) Scale bar: 2 mm.
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(Fig. 4E). Given that the reporter activity of the mouse line is very
similar to the Dkk1 expression in ecto-meso and endodermal tissues,
we focused on the regulatory properties of this line more in detail.
Regulation of Dkk1 expression in the neuroectoderm and pituitary
Dkk1 is dynamically expressed during neuroectodermal develop-
ment (Monaghan et al., 1999; Diep et al., 2004). We therefore
analyzed the neuroectodermal reporter activity and found expression
in the ventral diencephalon at E9.5 adjacent to the Rathke's pouch
(Fig. 5A). After ectodermal invagination towards the 3rd ventricle,
reporter expression increases (Fig. 5B). Reporter activity was detect-
able in the dorso medial telencephalon, the ventral thalamus and in
the dorsal mesencephalon at E11.5 (Fig. 5C). Dkk1 speciﬁc activationin the delaminating 3rd ventricle extends into the infundibulum of the
hypophysis at this stage (Fig. 5D; Dkk1 expression see inlay).
Accordingly, Dkk1 is expressed in the pituitary during Xenopus devel-
opment (Monaghan et al., 1999). At E12.5, Dkk1 speciﬁc activation in
mesencephalon increases and also appears in the rhombencephalon
(Figs. 5E and F; comparison between the reporter activity and Dkk1
expression see inlays and F). Activation in the hypophysis exclusively
occurs within the posterior part and not within the Rathke's pouch, as
revealed by transverse sections (Fig. 5G). At E14.5, ventral expression
domains in the diencephalon and pituitary are no longer detectable,
while dorsal mesencephalic and rhombencephalic expressions are
maintained (Fig. 5H). Besides these expression domains, we found
characteristic reporter activity in the ventral neural tube and lateral
to it (Figs. 5I and J). These data demonstrate that reporter gene
expression is very similar to the endogenous Dkk1 expression pattern
Fig. 4. The Tg107 line closely resembles the endogenous Dkk1 expression. (A,B,D,E) Sideviews of β-Gal stained embryos, in comparison to the endogenous Dkk1 expression (C).
Developmental stages are indicated. (A) Activity in the anterior head fold (hf) and the anterior mesendoderm (*) at E7.5. (B) Reporter activity in several head derivates, such as optic
vesicles (ov), the 1st branchial arch (ba) and limb buds (lb), in comparison to Dkk1 expression at E10.5 (C). (D) Expression appears in 1st branchial arch derivates, such as whisker
hair bud mesenchyme and characteristically in the eyes, eyelids and limbs at E12.5. (E) Reporter activity is stable and additionally detectable in the osteogenic center (oc) of the
developing bones at E15.5. Scale bar: 200 µm in (A); 400 µm in (B,C); 2 mm in (D,E).
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that Dkk1 might be involved in hypophysis development.
Regulation of craniofacial Dkk1 expression
As the reporter activity in the Tg107 mouse line is identical to the
Dkk1 expression during head induction and later in the 1st branchial
arch (Fig.4), we analyzed the regulatory potential of the CNEs during
craniofacial development in detail. Besides lacZ activity in the optic
vesicles, the reporter is active in the distal mandibularmesenchyme of
the 1st branchial arch at E9.5 (Fig. 6A). At E10.5, reporter activity is
additionally evident in the distal maxillar region (Fig. 6B). Reporter
activity appears in the medial mesenchyme of the 1st branchial arch
and the border to the 2nd branchial arch (Fig. 6C). Maxillar reporter
activity intensiﬁes until E11.5 (Fig. 6D). Additionally, lacZ is detectable
in the lateral, but not in the frontonasal process (Fig. 6E). At E12.0, lacZ
expression is activated in the frontonasal process andwhisker hair bud
mesenchyme (Fig. 6F). Until E12.5, reporter activity in these domains
is stable and is detectable additionally in thedistal tongue (Figs. 6G and
H). Note, that in contrast to the endogenous Dkk1 expression in the
mesenchyme below the vomeronasal domain, the reporter is not
activated in this domain (Figs. 6H and I in comparison to J). However,
expression in the mesenchyme of the vomeronasal organ requires at
least CNEs 168 and/or175 (Suppl. Fig. 2). Beside this, reporter activity
is Dkk1 speciﬁc in the tooth bud mesenchyme and weak in the palatal
ectoderm (Fig. 6K). Furthermore, reporter activity is evident in the
whisker hair budmesenchyme but not ectoderm (Fig. 5L). Craniofacial
activity is stable at later craniofacial developmental stages (Figs. 6M
and N). Thus, during craniofacial development, reporter activity in
Tg107 embryos is very similar to the published endogenous Dkk1
expression data (Monaghan et al., Nie et al., 2005; Nie, 2005).
The regulation of Dkk1 expression during limb development
At E11.5, the Tg107 reporter is active in the AER and additionally
in a posterior mesenchymal domain, which is not Dkk1 speciﬁc
(compare Fig. 7A with Fig. 7D). At E12.5, reporter activity in theposterior mesenchyme is maintained, however not activated in the
interdigital mesenchymal domain, as expected by the endogenous
Dkk1 expression pattern (Figs. 7B and E). After AER degeneration,
reporter gene expression is maintained in the distal tip of the digits as
described for endogenous Dkk1 expression, however activity in the
5th digit is also maintained (Figs. 7C and F; Monaghan et al., 1999;
Grotewold et al., 1999).Regulation of Dkk1 expression during kidney and external
genitalia development
Recent studies revealed that Dkk1 is dynamically expressed in the
posterior embryo and plays a role during embryonic segmentation
(Aulehla et al., 2008). We found weak reporter activity in gastrulating
mesodermal cells at E7.5 (Fig. 4A). Afterwards, mesodermal cells
exhibit characteristic activity domains. When embryonic segmenta-
tion takes place, the reporter was activated in the posterior most
somites and less intensive in the posterior presomitic mesoderm as
well as in the closing neural tube (Fig. 8A). After embryonic turning,
reporter gene activity characteristically remained in the most
posterior somites and the posterior neural tube (Fig. 8B). At E9.5,
activationwas no longer detectable in the posterior somites and in the
posterior neural tube (Fig. 8C; data not shown).
Next, we analyzed the spatiotemporal dynamics of the Tg107
reporter activity during mouse urogenital development. Activation
was speciﬁcally detected in intermediate mesodermal cells that have
aggregated in a posterior region to form the pronephros at E9.5
(Figs. 8C and I). Furthermore, activation was observed in the ventral
mesodermal region, reaching from the urogenital sinus to the tail
bud. This domain resembles Dkk1 expression in Xenopus embryos
(Monaghan et al., 1999). Both the reporter gene and Dkk1 are ex-
pressed in the nephric duct and in the mesonephros at E10.5 (Figs. 8D
and E). Within the metanephros, reporter activity is detectable in
the urether, in the buds and in the renal vesicles, very similar to the
endogenous Dkk1 expression pattern at E12.5 (Figs. 8F–H; Potter
et al., 2007; Monaghan et al., 1999). At later kidney development, the
Fig. 5. Reporter expression in neuroectodermal derivates and the pituitary. (A–J) LacZ expression in neuroectodermal derivates. (A; B; G; I; J) Transverse sections; (D) sagittal
section; (C; F; H) sideviews; (E) dorsal view. (A; B) Reporter activity increases in the ventral midbrain during rathke's pouch (rp) invagination at E9.5. (C) LacZ expression is
detectable in the medial telencephalon (Tel), ventral thalamus (vT) and mesencephalon (mes) at E11.5. No expression appears in the dorsal thalamus (dT). (D) LacZ expression is
evident in the region of the 3rd ventricle (Dkk1 RNA, see inlay), delaminating into the posterior hypophysis. (E) Reporter expression is increased in dorsal neuroectodermal
expression domains at E12.5 (Dkk1 RNA, see inlay). (F) Characteristic expression in the telencephalon at E13.5 (see inlay), additionally in the rhombencephalon (rh). (G) At this
stage, reporter activity in the ventral diencephalon is decreased, but still evident in the hypothalamus (HyT). Note, that expression does not extend to the rp. (H) Reporter expression
in ventral diencephalon and the pituitary is no longer evident at E14.5. (I) Beside the reporter activity in the neuroectoderm in the head anlage, the reporter is evident in the ventral
neural tube and dorsal root ganglia. (J) Reporter expression is also detectable in the medial mesenchyme between the telencephalic hemispheres at E14.5. Scale bar: 50 µm in (A,B);
200 µm in (inlays of E; D,G,I,J); 1 mm in (C,E.F); 2 mm in (H).
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shaped bodies (data not shown; Monaghan et al., 1999).
We also found reporter activity in the urogenital sinus, speciﬁcally
in the cloacal membrane from E9.5 onward (Figs. 8C and I). Therefore,
we looked for the dynamics of reporter activation during external
genitalia development. Transgene activity was found in the distal
urethral epithelium and the adjacent mesoderm, resembling endog-
enous Dkk1 expression at E11.5 (Figs. 8J and K). Activity is detectable
in the distal urethral epithelium and lateral to the ventral midline
at E12.5 (Fig. 8L). At E14.5, the reporter was active in the distal
epithelium and lateral to the ventral midline (Fig. 8M). When the
external genitalia were differentiated, reporter activity decreases, and
is hardly detectable in males and females at E16.5 (Figs. 8N and O). At
later stages, reporter activity was no longer detectable (data not
shown). The above shown data reveal that Dkk1 is expressed during
kidney development earlier as described. Furthermore, we assume
that beside the canonical Wnt signaling itself, Dkk1 might play a role
during external genitalia development.
CNE114 promotes regulation of craniofacial Dkk1 expression
The reporter activity of the Tg107 mouse line revealed that CNEs
25, 114, 190 and 195 in combination are sufﬁcient to promote the
regulation of Dkk1 expression in most aspects. Therefore, we analyzed
the regulatory properties and relationship of these putative enhancers
individually. We cloned CNE25 and 114 together in the promoter
reporter construct (#4) and analyzed transgene activity at E12.5.These CNEs directed reporter gene activity in the dorsal mesenceph-
alon, the metanephros and in distal craniofacial domains, such as
whisker hair bud mesenchyme and the mandibular and maxillary
mesenchyme (Fig. 9A). We then generated transgenic mice, carrying
CNE25 or CNE114 individually (constructs #5 and #6). Both CNEs
alone mediated a similar lacZ staining in the brain and metanephros
(Figs. 9B and C and data not shown). Furthermore, CNE114 alone
mediated reporter expression additionally in craniofacial mesoderm,
identical to the Tg107 line (Figs. 9C and D). However, CNE114 does not
mediate the vomeronasal mesenchymal activity (Fig. 9E), as sug-
gested already by the analyses of the Tg107 line (compare with Fig. 6).
Taken together, the enhancer CNE114 promotes reporter activation
during craniofacial development.CNE195 mediates Dkk1 optic cup and AER Dkk1 regulation
In order to analyze the regulatory properties of CNEs 190 and 195,
we cloned a 5.7 kb genomic fragment, containing both CNEs but none
of the others into the Dkk1-promoter/lacZ reporter construct (#7).
Besides brain and metanephros, this combination results in reporter
activation in the optic cup and the developing limb buds (Fig. 9F; data
not shown). Therefore, we tested these CNEs individually. CNE190
mediated reporter expression identical to CNE25 exclusively in the
mid brain and metanephros (data not shown). CNE195 in a single
construct (#8)mediated reporter activation in the anterior and central
retina of the optic cup and the AER of the limb buds, suggesting that
Fig. 6. Craniofacial Dkk1 regulation. (A, B D, E, F, G, M, N) β-Gal activity in whole-mount embryos, on transverse (C, I, K and L) and sagittal sections (H); (J) endogenous Dkk1
expression in the vomeronasal organ. (A) Activity appears in the mandibular mesenchyme (mn) of the 1st branchial arch at E9.5. No activity is visible in the maxillar mesenchyme
(mx). (B) Reporter expression in the mx at E10.5. (C) Reporter activity is detectable in the medial mn mesenchyme. (D) Activity intensiﬁes in the maxillar mesenchyme at E11.5.
(E) Reporter activity is additionally detectable in the lateral but not frontonasal pit at this stage. (F) Expression is additionally visible in the frontonasal mass (f) and in the whisker
hair buds (w) at E12.0. Reporter activity appears additionally in the tongue (to). (G) In these domains, expression is more intense at E12.5. The reporter is not activated in the
mesenchyme below the vomeronasal domain, a region Dkk1 expression is evident (H and I in comparison to J). (K) Reporter expression is detectable in the tooth mesenchyme (tm)
of the mandible at E12.5. At the whisker hair follicle (hf), expression is detectable in the hair bud mesenchyme but not ectoderm. (M and N) Reporter activity is stable in craniofacial
domains at E14.5 and E15.5. Scale bars: 100 µm in (C); 200 µm in (A,B,I–K); 250 µm in (E); 500 µm in (H,F); 1 mm in (G,M,N).
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(Figs. 9G–I).
Discussion
Dkk1 CNEs communicate with the endogenous Dkk1 promoter
Previous data revealed that Dkk1 transcription can be activated by
Wnt targeting of Tcf/Lef sites located in the Dkk1 promoter in vitro
(Chamorro et al., 2005; González-Sancho et al., 2005; Niida et al.,
2004). We found that the mouse Dkk1 promoter, including these Tcf/
Lef sites alone is not sufﬁcient for activation of Dkk1 expression at
E12.5 (Suppl. Fig. 1). By sequence analyses, we found that neither the
Tcf/Lef sites nor the p53 site, located in the Dkk1 promoter are
evolutionary conserved regions (data not shown). Thus, tissue speciﬁc
activation ofDkk1 expression during embryonic development requires
additional regulatory sequences. Vice versa, we found that Dkk1 CNEs
cause a partially and generally weak activation of a β-globin minimal
promoter (data not shown) and thus tissue speciﬁc Dkk1 enhancer
function requires the endogenous Dkk1 core promoter. We assume
that the endogenous Dkk1 promoter is required to form the correct
chromatin structure to allow interactions with the Dkk1 CNEs. Similar
results have recently been described for engrailed enhancers,
which require the endogenous engrailedpromoter for proper enhancer
functioning during Drosophila development (Kwon et al., 2009).Dkk1 transcriptional regulation is evolutionary conserved
We isolated nine CNEs, located 3′ to the Dkk1 coding sequence at a
distance from 25 kb to 195 kb to the mouse Dkk1 transcriptional start.
Three of these sequences, CNEs 87, 190 and 195 are deeply conserved,
as we identiﬁed homologous regions in Chondrichthyes (comparewith
Suppl. Fig. 3). Four CNEs, 25, 114, 190 and 195 together promote
reporter expression in a transgenic mouse line, very similar to the
Dkk1 expression pattern during embryonic development. We further
characterized the regulatory potential of these CNEs (summarized in
Table 1). All four CNEs have a common regulatory ability during brain
and metanephros development, suggesting a multiple safety mech-
anism to ensure a minimal Dkk1 expression level. Furthermore, we
found a 5.7 kb sequence (containing CNE190 and 195), which pro-
motes reporter activation in the hypophysis and the genital tubercle.
CNE114 alone mediates activation in the craniofacial mesoderm and
CNE195 functions as an enhancer in the optic cups and the limbs.
CNE195mediated regulation of Dkk1 expression in the optic cups and limbs
Dkk1 is dynamically expressed during eye development (Monaghan
et al., 1999; Ang et al., 2004). We found that the Tg107 reporter is
expressed identical to the endogenous Dkk1 expression pattern in the
optic cups. Furthermore, CNE195 alone promotes reporter activity in
eye expression domains. Sequence analyses revealed that conserved
Fig. 7. The regulation of Dkk1 expression during limb development. (A–C) β-Gal activity in comparison to the endogenous Dkk1 expression (D–F). Stages are indicated; dorsal views,
anterior is to the left. (A and D) β-Gal activity is comparable to the Dkk1 expression in the AER but differing in the posterior mesenchyme at E11.5. (B and E) Reporter activity is found
distally and in the posterior mesenchyme; interdigital lacZ expression fails in the transgene at E12.5. (C and F) Reporter gene activity marks the ﬁfth digit and the posterior digit IV;
interdigital expression is not evident at E13.5. Scale bar: 500 µm in (A,D,C,F); 1 mm in (B,E).
263O. Lieven et al. / Developmental Biology 340 (2010) 256–268Tcf/Lef, Pax2 and Msx2 transcription factor binding sites are located
within CNE195 (Suppl. Fig. 3). As these factors have essential functions
during eye development and are at least partially coexpressed with
Dkk1 (Liu et al., 2003; Torres et al., 1996; Wu et al., 2003), they
might facilitate Dkk1 transcriptional activation by the direct binding to
CNE195.
CNE195 also promotes reporter activation in the AER. This might
be governed by direct targeting of CNE195 via a conserved Tcf/Lef site
by the canonical Wnt signaling. In line with this suggestion is the fact
that stabilization of β-catenin results in truncated limbs caused by a
premature regression of the AER, similar to Dkk1 overexpression in
the limb (Hill et al., 2006 compare with Grotewold and Rüther, 2002).
Beside this, evolutionary conserved transcription factor binding sites
of Dlx5/6 and Msx2 are located in a conserved block within CNE 195
(Suppl. Fig. 3). As these genes are coexpressed with Dkk1 within the
AER, they might directly promote Dkk1 activation via CNE195 (Kraus
and Lufkin, 2006). Surprisingly, we could not identify any CNEs that
promote Dkk1 expression in the interdigital regions of the developing
limbs. This result suggests that AER speciﬁc Dkk1 expression during
proximo-distal limb outgrowth is evolutionary more conserved than
interdigital. Gene expression- and interdigital cell death varies in
tetrapods and may therefore be regulated by a different mechanism.
Further experiments will have to clarify the regulation of Dkk1
expression during limb development.
CNE114 mediated regulation of craniofacial Dkk1 expression
The Tg107mouse line reﬂects mesodermal Dkk1 activation within
the 1st branchial arch, and later on in its mesodermal derivates such
as craniofacial structures. A Wnt/Lef signaling reporter mouse line
exhibits an identical activity within the 1st branchial arch, which later
becomes downregulated in the craniofacial mesoderm (Mani et al.,
2009). As CNE114 promotes mesodermal craniofacial activation of
Dkk1 expression and contains two conserved Lef1 binding sites, we
suppose that activation might be mediated by direct targeting of
CNE114 by the canonical Wnt signaling (Suppl. Fig. 3). Dlx genes are
expressed in the ﬁrst branchial arch and mutations in Dlx5/6 genescause severe craniofacial phenotypes (Qiu et al., 1997; Robledo et al.,
2002). Dlx transcription factors have conserved binding sites located
within the CNE114 (Suppl. Fig. 3). Thus, Dlx proteins could be
responsible for craniofacial Dkk1 expression.
The impact of doubleridge CNEs on Dkk1 cis-regulation
In doubleridge mutant mice, Dkk1 expression is dramatically re-
duced in the head, limbs and tail, resulting in fore limb polysyndactyly
and kinked tail (Adamska et al., 2003; MacDonald et al., 2004). A
further reduction of Dkk1 by combining doubleridge with Dkk1+/−
alleles resulted in stronger phenotypes, such as anophthalmia,
hydrocephaly and hypoplastic anterior nasal head structures. Given,
that several Dkk1 regulatory sequences are not located within the
doubleridge location, or exhibit regulatory redundancy, we suppose
that this might explain the relatively mild phenotype, in comparison
to Dkk1−/− mice. However, we identiﬁed an optic cup/limb
enhancer (CNE195), located within the doubleridge location. These
data suggest that the loss of this particular sequence might be the
reason for the doubleridge optic cup and limb phenotype. The
polydactyly of doubleridge mutant embryos is caused by a broadened
AER (Adamska et al., 2003). Vice versa, thalidomide mediated
upregulation of Dkk1 expression causes a reduction of AER formation
during chicken development, leading to limb truncations (Knobloch
et al., 2007; Knobloch et al., 2008). Therefore we suppose that the
Dkk1 level has to be kept in a well deﬁned threshold to control the
AERmediated limb outgrowth. Furthermore, we found that two CNEs,
CNE168 and CNE175 within the doubleridge locus promote reporter
gene activity within a speciﬁc craniofacial domain, the mesenchyme
of the vomeronasal organ. As doubleridge−/− embryos exhibit a loss
of nasal craniofacial structures, the loss of these particular regulatory
regions might be the reason for their craniofacial phenotype.
Combinatory and redundant regulatory properties of Dkk1 CNEs
We found that a well deﬁned combination of CNEs was neces-
sary to activate the reporter in several tissues. For example, the
Fig. 8. Regulation of Dkk1 during posterior embryonic development. (A–C, D, F, G, I, J, L–O) β-Gal staining is shown at different developmental stages, in comparison to the
endogenous Dkk1 expression pattern (E,H,K). (A, B) E8.0 and E8.5; gradient like reporter activity is evident in posterior most somites (so) and the posterior neural tube (nt).
(C) Activity is detectable in intermediate mesoderm regions (im) that have aggregated posteriorly and built the pronephros (pn). LacZ expression is visible additionally in the
urogenital sinus (us) and weakly in tailbud (tb). (D–H) Dynamics of lacZ and Dkk1 expression during kidney development. (D and E) LacZ activity is evident in the nephric duct (nd)
that posteriorly has built the mesonephros (ms), identical to Dkk1 expression at E10.5. (F and G) LacZ expression is detectable in the urethric buds of the metanephros (mt), the
collecting duct, and renal vesicles at E12.5, very similar to the endogenous Dkk1 expression (H). (I–O) LacZ activity during external genitalia development. (I–K) Expression appears
in themesenchyme of the cloacal membrane at E9.5, the distal urethral epithelium (due) at E11.5 in comparison to Dkk1 expression (K). (L–O) Reporter activity during later external
genitalia development. (L) Activity intensiﬁes in the due at E12.5. (M) At E14.5, Expression appears in the mesenchyme, surrounding the due. At E16.5, activity is dramatically
decreased in male and female external genitalia (N and O). Scale bar: 100 µm in (C); 200 µm in (A,B,F–K); 500 µm in (D,E,L,M–O).
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in the eyelids (data not shown). Furthermore, our data revealed
that a 5.7 kb genomic region, containing CNE190 and 195 can drive
expression in the hypophysis and genital tubercle (Figs. 10A and B).
However, these sequences alone are not able to mediate this expres-sion. Thus, either a combination of these two CNEs is needed or the
ﬂanking sequences are required for this expression.
As revealed above, we found that all four CNEs tested individually
mediated a similar level of reporter gene activation in lateral do-
mains of the dorsal brain and the metanephros (shown for CNE25 in
Fig. 9. The regulatory potential of Tg107 CNEs. (A–D, F–H) Sideviews on β-Gal stained whole-mount embryos, and transverse sections is presented (E and I). (A) Reporter activity is
evident in craniofacial domains promoted by CNEs 25 and 114. (B) CNE25 promotes reporter expression in the dorsal brain. (C and D) CNE114 alone mediates reporter activation in
craniofacial expression domains. (E) CNE114 does not promote reporter expression in the vomeronasal domain. (F) A 5.7 kb sequence, containing CNEs 190 and 195 promotes
expression in the optic cups and limbs. (G–I) CNE 195 alone mediates reporter expression in the limbs (H) and optic cups (I).
265O. Lieven et al. / Developmental Biology 340 (2010) 256–268Figs. 10C and D). Thus, these Dkk1 CNEs have redundant regulatory
properties in these tissues. Regulatory redundancy has been previ-
ously shown for other gene regulatory sequences (Bagheri-Fam et al.,
2006; Cretekos et al., 2008). However, sequence alignments of these
CNEs did not reveal any homology (see above).
Identiﬁcation of additional Dkk1 expression sites suggests novel
functions of Dkk1 during development
We were able to extend the knowledge of the Dkk1 expression
pattern during mouse development. Like Dkk1 expression in theTable 1
The regulatory potential of Dkk1 CNEs.
n= Mesencephalon Metanephros Hypo
CNE25;114;190;195 4/8 + + +
CNE25+CNE114 3/6 + + –
CNE25 3/6 + + –
CNE114 3/4 + + –
CNE190+CNE195 2/4 + + +
CNE190 4/11 + + –
CNE195 2/6 + + –
Summary of the regulatory potential of Dkk1 CNEs. Numbers of identical stained embryos ou
combination commonly activate the reporter in the mesencephalon and the metanephro
hypophysis and the genital tubercle. CNE114 mediates craniofacial activation and CNE 195
a Mandibular, maxillar, tongue, hair follicle.
b AER, PNZ.pituitary of Xenopus embryos (Monaghan et al., 1999), we revealed
that Dkk1 expression in the 3rd ventricle extends into the posterior
pituitary during mouse development, suggesting an evolutionary
conservation and function of Dkk1 during hypophysis development.
Dkk1 becomes downregulated after early hypophysis development
and is absent at E14.5 (data not shown), indicating that Dkk1might be
involved directly during hypophysis development. As we found that
a 5.7 kb genomic region, containing CNEs190 and 195 promotes
reporter activity in the hypophysis, we suppose that activation of
Dkk1 expression is mediated by this regulatory region. As Wnt genes,
associated signaling components and several antagonists exhibitphysis Genital tubercle Craniofaciala Optic vesicle Limbsb
+ + + +
– + – –
– – – –
– + – –
+ – + +
– – – –
– – + +
t of total transgenic embryos are indicated. CNE 25, 114, 190 and 195 individually and in
s. A 5.7 kb genomic region, containing CNEs 190 and 195 promotes activation in the
promotes activation in the optic cups and limb buds.
Fig. 10. Combinatory and redundant regulation of Dkk1 expression. β-Gal staining of (A) transverse section or (B–D) whole mounts of different organs are shown. (A and B) A 5.7 kb
genomic sequence, containing CNE190+195 promotes reporter expression in the pituitary and the external genital placode. CNE 25 tested in a single construct promotes reporter
activitation in the dorsal brain (C) and the metanephros (D). Scale bar: 200 µm (A,B); 500 µm (D); 1 mm (C).
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development, Dkk1 might directly function to inhibit Wnt signaling
(Potok et al., 2008; Brinkmeier et al., 2007; Ai et al., 2007).
The dynamic expression patterns during kidney and external
genitalia development suggest further functions of Dkk1 during
posterior embryonic development. We found that Dkk1 is expressed
already in the pronephros during mouse development like in Xenopus
embryos (Monaghan et al., 1999), suggesting that early Dkk1
expression and function is evolutionary conserved and not restricted
to amphibians. Characteristic expression patterns and functions of
several canonical Wnt family members exist during kidney develop-
ment (e.g. Itaranta et al., 2002; Kuure et al., 2007; Lin et al., 2001). In
these areas, intense canonical Wnt signaling drives branching
nephrogenesis in fetal kidney explants (Iglesias et al., 2007), and
exposure of kidney explants to Dkk1 causes an inhibition of canonical
Wnt signaling, resulting in a reduction of uretic bud arborization
(Iglesias et al., 2007). Furthermore, Dkk1 is downregulated in Lim1
mutant kidneys (Potter et al., 2007), suggesting that Dkk1 is geneti-
cally located downstream of Lim1. This might be governed by direct
regulation via Lim1 binding sites within the identiﬁed CNEs, as CNEs
25, 114, 190 and 195 contain conserved Lim1 binding sites (data not
shown).
The transgenic mouse line revealed a dynamic Dkk1 expression
during external genitalia development. This expression ranges from
the early urogenital sinus stage until E16.5, suggesting an involvement
of Dkk1 in genitalia patterning. Wnt genes also exhibit a characteristic
expression and canonical Wnt signaling is required for external
genitalia development (Gleason et al., 2006; Lin et al., 2008). Herein,
β-catenin is required to maintain tissue integrity (Lin et al., 2008).
Furthermore, it was recently shown that Wnt/β-Catenin signaling in
the distal genital tubercle requires the activity of Shh during the
outgrowth of the genital tubercle (Miyagawa et al., 2009) and that
Wnt5a affects the development of the proximal cloacal plate (Nakata
et al., 2009). These data reveal a well deﬁned organization of Wnt
signaling activity which might be controlled by the activity of Dkk1.
Our ﬁrst analyses of reporter activity during external genitalia
outgrowth by analyzing combined Dkk1−/−; lacZ alleles already
suggests a role of Dkk1 in this context (data not shown). Thus,extension of the knownDkk1 expression enables the discovery of so far
unknown functions.
The regulation of Dkk1 transcription and the use for therapeutic
approaches
In general, the modulation of Wnt signaling is of therapeutic
relevance for tissue repair in different diseases (reviewed by Zhao et
al., 2009). For example, multiple myeloma patients exhibit high levels
of Dkk1 in their blood serum (Tian et al., 2003). A treatment of these
patients with autologous stem cell transplantation causes a decrease
of Dkk1 in their serum and an elevation of bone formation markers
(Politou et al., 2006). Furthermore, it was recently suggested for
arthritis and multiple myeloma that affecting the Dkk1 mediatedWnt
inhibition by the Dkk1 antagonist Rspo1might be a useful therapeutic
approach (Zhao et al., 2009). Several disease related mouse lines are
used to monitor disease and cancer formation. Combining these
mouse lines in combination with one Tg107 allele, alterations in Dkk1
expression would be easy to monitor via the reporter. Moreover,
the knowledge about the regulatory potential of the identiﬁed
CNEs enables the analysis of direct Dkk1 targeting during these pro-
cesses. Therefore, the Tg107 mouse line might be useful as an in vivo
model system for drug screening in order to establish therapeutic
approaches for diseases based on a Dkk1/Wnt imbalance (reviews
focusing on such diseases are given by Zhao et al., 2009; Niehrs, 2006).
Materials and methods
Generation of reporter constructs
For the generation of transgenic mice, genomic fragments
were PCR ampliﬁed from BAC clones RP23-118N16, RP23-98J4, and
RP23-182C8. The Dkk1 promoter fragment, containing 470 bp up-
stream and 60 bp of the ﬁrst Dkk1 exon was PCR ampliﬁed with the
oligonucleotides:
5′-AGGGGCGCGCCCAGCCCCACAGCAGAACACTCAAGCTCAC-3′ and
5′-CGCGGATCCGCCATCATTGTAAACACGGCCAAG-3′. This fragment was
sub-cloned into the T-vector (Promega), and cloned into the pPD46.21
267O. Lieven et al. / Developmental Biology 340 (2010) 256–268reporter vector with SalI/BamHI in frame to the lacZ reporter gene. The
promoter was extended to a 2.785 kb promoter fragment by cloning via
HindIII/SphI. The 1.8 kb promoter/reporter fragments were generated
by SwaI/NotI restriction enzymes. CNEs were identiﬁed, using several
data banks (http://ecrbrowser.dcode.org; http://ensembl.org; http://
genome.lbl.gov/vista/index.shtml). Conserved sequences were PCR
ampliﬁed with the following oligonucleotides (length of the cloned
fragments is indicated in brackets): CNE25fw 5′-GCAACATGAAAGTA-
GAGCAAG-3′ CNE25bw, 5′-CACAGAAGTATGAATTGAAGC-3′ (1978 bp);
CNE87fw 5′-CCAGTGCTTGGTCTCTGA-3′, CNE87bw 5′-CCTGTAGCTCC-
TATGAAAC-3′ (1066 bp); CNE114fw small 5′-GCTATGTTCTCACAGGG-
GAAA-3′, CNE114bw small 5′-TCAGCCCTGATAGTTTACA-3′ (641 bp);
CNE114fwbig 5′-TTAACGTCACGTCTCCACAG-3′, CNE114bwbig 5′-
TATAGCACCACCCTGTTCTC-3′ (2457 bp); CNE129fw 5′-CGATGT-
TATGTCTCTTGTCAC-3′, CNE129bw 5′-GGAGATGCAATCAACTCCTAC-3′
(361 bp); CNE140fw 5′-GATCAGATTGTCCACATGCAAC-3′, CNE140bw
5′-CATGTCTCCATTCTCCACCATC-3′ (1153 bp); CNE168fw5′-GGTAGCA-
TACTAGAAGAATCAG-3′, CNE168bw 5′-CCAACTAGGCCATCTTCTGAT-3′
(1725 bp); CNE175fw 5′-GCTGATTAGCAGGAGGTTC-3′, CNE175bw 5′-
GGTGTTGGCTCACAACCATC-3′ (1008 bp); CNE190+195fw 5′-TAGTG-
AGAAGCTGGAAGCAG-3′, CNE190+195bw 5′-CCACTCTCAGTTCTA-
TTGTGG-3′ (5743 bp); CNE190fw 5′-GAGGATGTGGAGTTTAAGGTC-3′,
CNE190bw 5′-GTCCACTTTGCAGGAATGATC-3′ (456 bp); CNE195fw
5′-CTGAGCAACCAATTACTGTAC-3′, CNE195bw 5′-GCTTATTCTCTGGAT-
TCCTAC-3′ (514 bp). Genomic fragments were individually sub-cloned
in the T-vector (Promega), isolated with NotI/Bsp120I and cloned into
the NotI linearized promoter vectors in combinations or alone.
Generation and genotyping of transgenic mice
For microinjection, lacZ reporter constructs were isolated from the
vector backbones by cutting with SwaI/NotI. The excised insert frag-
ments were separated by gelelectrophoresis and puriﬁed with the
QIAquick PCR Puriﬁcation Kit (Qiagen). 1.5 ng/µl DNA was micro-
injected into male pronuclei of fertilized B6C3/F1 mouse oocytes,
according to Gordon and Ruddle (1983). DNA of embryos and founder
animals was isolated from Proteinase K-digested yolk sacs and tail
biopsies. Genomic DNA was used as templates to identify transgenic
mice with lacZ-speciﬁc primers 5′-GTTCCGTCATAGCGATAACGAG-3′
and 5′-CACTTACGCCAATGTCGTTATCC-3′. To establish the mouse line,
transgenic animals were crossed with C57BL/6 mice.
Whole-mount-β-galactosidase staining
Embryos were ﬁxed and stained 4–20 h as previously described
(Theil et al., 1999). LacZ stained embryos were postﬁxed in 0.4% PFA
and parafﬁn embedded. 7–12 µm sections were counterstained with
Eosin.
In situ hybridisation
Dkk1 in situ hybridisation of whole-mount embryos or on sections
was performed as previously described (Grotewold et al., 1999).
Acknowledgments
We thank Renate Dildrop and Julia Fischer for critical reading of
the manuscript. This work has been supported by grants from the
Deutsche Forschungsgemeinschaft (SFB590 and GRK1033).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2010.01.037.References
Adamska, M., MacDonald, B.T., Meisler, M.H., 2003. Doubleridge, a mouse mutant with
defective compaction of the apical ectodermal ridge and normal dorsal–ventral
patterning of the limb. Dev. Biol. 255, 350–362.
Adamska, M., MacDonald, B.T., Sarmast, Z.H., Oliver, E.R., Meisler, M.H., 2004. En1 and
Wnt7a interact with Dkk1 during limb development in the mouse. Dev. Biol. 272,
134–144.
Ai, D., Wang, J., Amen, M., Lu, M.F., Amendt, B.A., Martin, J.F., 2007. Nuclear factor 1 and
T-cell factor/LEF recognition elements regulate Pitx2 transcription in pituitary
development. Mol. Cell. Biol. 27, 5765–5775.
Aulehla, A., Wiegraebe, W., Baubet, V., Wahl, M.B., Deng, C., Taketo, M., Lewandoski, M.,
Pourquie, O., 2008. A β-catenin gradient links the clock and wavefront systems in
mouse embryo segmentation. Nat. Cell Biol. 10, 186–193.
Ang, S.J., Stump, R.J., Lovicu, F.J., McAvoy, J.W., 2004. Spatial and temporal expression of
Wnt and Dickkopf genes during murine lens development. Gene Expr. Patterns 4,
289–295.
Baeg, G.H., Lin, X., Khare, N., Baumgartner, S., Perrimon, N., 2001. Heparan sulfate
proteoglycans are critical for the organization of the extracellular distribution of
Wingless. Development 128, 87–94.
Bagheri-Fam, S., Barrionuevo, F., Dohrmann, U., Günther, T., Schüle, R., Kemler, R., Mallo,
M., Scherer, G., 2006. Long-range upstream and downstream enhancers control
distinct subsets of the complex spatiotemporal Sox9 expression pattern. Dev. Biol.
291, 382–397.
Barrantes, B.I., Davidson, G., Gröne, H.J., Westphal, H., Niehrs, C., 2003. Dkk1 and noggin
cooperate in mammalian head induction. Genes Dev. 17, 2239–2244.
Barrow, J.R., Thomas, K.R., Boussadia-Zahui, O., Moore, R., Kemler, R., Capecchi, M.R.,
McMahon, A.P., 2003. Ectodermal Wnt3/beta-catenin signaling is required for the
establishment and maintenance of the apical ectodermal ridge. Genes Dev. 17,
394–409.
Brinkmeier, M.L., Potok, M.A., Davis, S.W., Camper, S.A., 2007. TCF4 deﬁciency expands
ventral diencephalon signaling and increases induction of pituitary progenitors.
Dev. Biol. 311, 396–407.
Cadigan, K.M., Nusse, R., 1997.Wnt signaling: a common theme in animal development.
Genes Dev. 11, 3286–3305.
Caricasole, A., Copani, A., Caraci, F., Aronica, E., Rozemuller, A.J., Caruso, A., Storto, M.,
Gaviraghi, G., Terstappen, G.C., Nicoletti, F., 2004. Induction of Dickkopf-1, a nega-
tive modulator of the Wnt pathway, is associated with neuronal degeneration in
Alzheimer's brain. J. Neurosci. 24, 6021–6027.
Chamorro, M.N., Schwartz, D.R., Vonica, A., Brivanlou, A.H., Cho, K.R., Varmus, H.E., 2005.
FGF-20 and DKK1 are transcriptional targets of beta-catenin and FGF-20 is
implicated in cancer and development. EMBO J. 24, 73–84.
Church, V.L., Francis-West, P., 2002.Wnt signalling during limb development. Int. J. Dev.
Biol. 46, 927–936.
Cretekos, C.J., Wang, Y., Green, E.D., Martin, J.F., Rasweiler IV, J.J., Behringer, R.R., 2008.
Regulatory divergence modiﬁes limb length between mammals. Genes Dev. 22,
121–124.
Diep, D.B., Hoen, N., Backman, Machon, O., Krauss, S., 2004. Characterisation of the Wnt
antagonists and their response to conditionally activated Wnt signalling in the
developing mouse forebrain. Dev. Brain Res. 153, 261–270.
Gleason, J.E., Szyleyko, E.A., Eisenmann, D.M., 2006. Multiple redundant Wnt signaling
components function in two processes during C. elegans vulval development. Dev.
Biol. 298, 442–457.
Glinka, A., Wu, W., Delius, H., Monaghan, A.P., Blumenstock, C., Niehrs, C., 1998.
Dickkopf-1 is a member of a new family of secreted proteins and functions in head
induction. Nature 391, 357–362.
González-Sancho, J.M., Aguilera, O., García, J.M., Pendás-Franco, N., Peña, C., Cal, S., de
Herreros, A.G., Bonilla, F., Muñoz, A., 2005. The Wnt antagonist DICKKOPF-1 gene is
a downstream target of -catenin/TCF and is downregulated in human colon cancer.
Oncogene 24, 1098–1103.
Gordon, J.W., Ruddle, F.H., 1983. Integration and stable germ line transmission of genes
injected into mouse pronuclei. Science 214, 1244–1246.
Grotewold, L., Theil, T., Rüther, U., 1999. Expression pattern of Dkk-1 during mouse limb
development. Mech. Dev. 89, 151–153.
Grotewold, L., Rüther, U., 2002. The Wnt antagonist Dickkopf-1 is regulated by Bmp
signaling and c-Jun and modulates programmed cell death. EMBO J. 1, 966–975.
Hill, T.P., Taketo, M.M., Birchmeier, W., Hartmann, C., 2006. Multiple roles of mesen-
chymal beta-catenin duringmurine limb patterning. Development 133, 1219–1229.
Iglesias, D.M., Hueber, P.A., Chu, L., Campbell, R., Patenaude, A.M., Dziarmaga, A.J.,
Quinlan, J., Mohamed, O., Dufort, D., Goodyer, P.R., 2007. Canonical WNT signaling
during kidney development. Am. J. Physiol. Renal. Physiol. 293, F494–F500.
Itaranta, P., Lin, Y., Perasaari, J., Roel, G., Destree, O., Vainio, S., 2002.Wnt-6 is expressed in
the ureter bud and induces kidney tubule development in vitro. Genesis 32, 259–268.
Kemp, C., Willems, E., Abdo, S., Lambiv, L., Leyns, L., 2005. Expression of all Wnt genes
and their secreted antagonists during mouse blastocyst and postimplantation
development. Dev. Dyn. 233, 1064–1075.
Knobloch, J., Shaughnessy Jr., J.D., Rüther, U., 2007. Thalidomide induces limb deformi-
ties by perturbing the Bmp/Dkk1/Wnt signaling pathway. FASEB J. 21, 1410–1421.
Knobloch, J., Schmitz, I., Götz, K., Schulze-Osthoff, K., Rüther, U., 2008. Thalidomide
induces limb anomalies by PTEN stabilization, Akt suppression, and stimulation of
caspase-dependent cell death. Mol. Cell. Biol. 28, 529–538.
Kraus, P., Lufkin, T., 2006. Dlx homeobox gene control of mammalian limb and
craniofacial development. Am. J. Med. Genet. 140, 1366–1374.
Kuure, S., Popsueva, A., Jakobson, M., Sainio, K., Sariola, H., 2007. Glycogen synthase
kinase-3 inactivation and stabilization of beta-catenin induce nephron differentiation
in isolated mouse and rat kidney mesenchymes. J. Am. Soc. Nephrol. 18, 1130–1139.
268 O. Lieven et al. / Developmental Biology 340 (2010) 256–268Kwon, D., Mucci, D., Langlias, K.K., Americo, J.L., De Vido, S.K., Cheng, Y., Kassis, J.A.,
2009. Enhancer–promotor communication at the Drosophila engrailed locus.
Development 136, 3067–3075.
Lee, N., Smolarz, A.J., Olson, S., David, O., Reiser, J., Kutner, R., Daw, N.C., Prockop, D.J.,
Horwitz, E.M., Gregory, C.A., 2007. A potential role for Dkk-1 in the pathogenesis of
osteosarcoma predicts novel diagnostic and treatment strategies. Br. J. Cancer 97,
1552–1559.
Levine, A.J., 1997. p53, the cellular gatekeeper for growth and division. Cell 88, 323–331.
Lewis, S.L., Khoo, P., De Young, R.A., Bildsoe, H., Wakamiya, M., Behringer, R.R.,
Mukhopadhyay, M., Westphal, H., Tam, P.P.L., 2007. Genetic interaction of Gsc and
Dkk1 in head morphogenesis of the mouse. Mech. Dev. 124, 157–165.
Lin, Y., Liu, A., Zhang, S., Ruusunen, T., Kreidberg, J.A., Peltoketo, H., Drummond, I.,
Vainio, S., 2001. Induction of ureter branching as a response to Wnt-2b signaling
during early kidney organogenesis. Dev. Dyn. 222, 26–39.
Lin, C., Yin, Y., Long, F., Ma, L., 2008. Tissue-speciﬁc requirements of beta-catenin in
external genitalia development. Development 135, 2815–2825.
Liu, H., Mohamed, O., Dufort, D., Wallace, V.A., 2003. Characterization of Wnt signaling
components and activation of theWnt canonical pathway in themurine retina. Dev.
Dyn. 227, 323–334.
MacDonald, B.T., Adamska, M., Meisler, M.H., 2004. Hypomorphic expression of Dkk1 in
the doubleridge mouse: dose dependence and compensatory interactions with
Lrp6. Development 131, 2543–2552.
Mani, P., Jarrell, A., Myers, J., Atit, R., 2009. Visualizing canonical Wnt signaling during
mouse craniofacial development. Dev. Dyn. 239, 354–363.
Mao, B., Wu, W., Davidson, G., Marhold, J., Li, M., Mechler, B.M., Delius, H., Hoppe, D.,
Stannek, P., Walter, C., Glinka, A., Niehrs, C., 2002. Kremen proteins are Dickkopf
receptors that regulate Wnt/beta-catenin signalling. Nature 417, 664–667.
Miyagawa, S., Moon, A., Haraguchi, R., Inoue, C., Harada, M., Nakahara, C., Suzuki, K.,
Matsumaru, D., Kaneko, T., Matsuo, I., Yang, L., Taketo, M.M., Iguchi, T., Evans, S.M.,
Yamada, G., 2009. Dosage-dependent hedgehog signals integrated with Wnt/beta-
catenin signaling regulate external genitalia formation as an appendicular program.
Development 136, 3969–3978.
Monaghan, A.P., Kioschis, P., Wu, W., Zuniga, A., Bock, D., Poustka, A., Delius, H., Niehrs,
C., 1999. Dickkopf genes are co-ordinately expressed inmesodermal lineages. Mech.
Dev. 87, 45–56.
Moon, R.T., Kohn, A.D., Ferrari de, G.V., Kaykas, A., 2004. WNT and beta-catenin
signalling: diseases and therapies. Nat. Rev. Genet. 5, 691–701.
Mukhopadhyay, M., Shtrom, S., Rodriguez-Esteban, C., Chen, L., Tsukui, T., Gomer, L.,
Dorward,D.W., Glinka, A., Grinberg, A., Huang, S.P., Niehrs, C., Belmonte, J.C.,Westphal,
H., 2001.Dickkopf1 is required for embryonic head induction and limbmorphogenesis
in the mouse. Dev. Cell. 1, 423–434.
Nakata, M., Takada, Y., Hishiki, T., Saito, T., Terui, K., Sato, Y., Koseki, H., Yoshida, H., 2009.
Induction of Wnt5a-expressing mesenchymal cells adjacent to the cloacal plate is
an essential process for its proximodistal elongation and subsequent anorectal
development. Pediatr. Res. 66, 149–154.
Nie, X., 2005. Dkk1, -2, and -3 expression in mouse craniofacial development. J. Mol.
Histol. 36, 367–372.Nie, X., Luukko, K., Fjeld, K., Kvinnsland, I.H., Kettunen, P., 2005. Developmental
expression of Dkk1-3 and Mmp9 and apoptosis in cranial base of mice. J. Mol.
Histol. 36, 419–426.
Niehrs, C., 2006. Function and biological roles of the Dickkopf family of Wnt
modulators. Oncogene 25, 7469–7481.
Niida, A., Hiroko, T., Kasai, M., Furukawa, Y., Nakamura, Y., Suzuki, Y., Sugano, S.,
Akiyama, T., 2004. DKK1, a negative regulator of Wnt signaling, is a target of the
β-catenin/TCF pathway. Oncogene 23, 8520–8526.
Politou, M.C., Heath, D.J., Rahemtulla, A., Szydlo, R., Anagnostopoulos, A., Dimopoulos,
M.A., Croucher, P.I., Terpos, E., 2006. Serum concentrations of Dickkopf-1 protein
are increased in patients with multiple myeloma and reduced after autologous
stem cell transplantation. Int. J. Cancer 119, 1728–1731.
Potok, M.A., Cha, K.B., Hunt, A., Brinkmeier, M.L., Leitges, M., Kispert, A., Camper, S.A.,
2008. WNT signaling affects gene expression in the ventral diencephalon and
pituitary gland growth. Dev. Dyn. 237, 1006–1020.
Potter, S.S., Hartman, H.A., Kwan, K.M., Behringer, R.R., Patterson, L.T., 2007. Laser capture-
microarray analysis of Lim1 mutant kidney development. Genesis 45, 432–439.
Qiu, M., Bulfone, A., Ghattas, I., Meneses, J.J., Christensen, L., Sharpe, P.T., Presley, R.,
Pedersen, R.A., Rubenstein, J.L.R., 1997. Role of the Dlx homeobox genes in
proximodistal patterning of the branchial arches: mutations of Dlx-1, Dlx-2, and
Dlx-1 and -2 alter morphogenesis of proximal skeletal and soft tissue structures
derived from the ﬁrst and second branchial arches. Dev. Biol. 185, 165–184.
Robledo, R.F., Rajan, L., Li, X., Lufkin, T., 2002. The Dlx5 and Dlx6 homeobox genes are
essential for craniofacial, axial, and appendicular skeletal development. Genes Dev.
16, 1089–1101.
Soshnikova, N., Zechner, D., Huelsken, J., Mishina, Y., Behringer, R.R., Taketo, M.M.,
Crenshaw III, E.B., Birchmeier, W., 2003. Genetic interaction between Wnt/beta-
catenin and BMP receptor signaling during formation of the AER and the dorsal–
ventral axis in the limb. Genes Dev. 17, 1963–1968.
Theil, T., Alvarez-Bolado, G., Walter, A., Rüther, U., 1999. Gli3 is required for Emx
gene expression during dorsal telencephalon development. Development 126,
3561–3571.
Tian, E., Zhan, F., Walker, R., Rasmussen, E., Ma, Y., Barlogie, B., Shaughnessy Jr., J.D.,
2003. The role of the Wnt-signaling antagonist DKK1 in the development of
osteolytic lesions in multiple myeloma. N. Engl. J. Med. 349, 2483–2494.
Torres, M., Gomez-Pardo, E., Gruss, P., 1996. Pax2 contributes to inner ear patterning
and optic nerve trajectory. Development 122, 3381–3391.
Wang, J., Shou, J., Chen, X., 2000. Dickkopf-1, an inhibitor of theWnt signaling pathway,
is induced by p53. Oncogene 19, 1843–1848.
Wu, L.Y., Li, M., Hinton, D.R., Guo, L., Jiang, S., Wang, J.T., Zeng, A., Xie, J.B., Snead, M.,
Shuler, C., Maxson Jr., R.E., Liu, Y.-H., 2003. Microphthalmia resulting from Msx2-
induced apoptosis in the optic vesicle. Invest. Ophthalmol. Vis. Sci. 44, 2404–2412.
Wehrli, M., Dougan, S.T., Caldwell, K., O'Keefe, L., Schwartz, S., Vaizel-Ohayon, D.,
Schejter, E., Tomlinson, A., DiNardo, S., 2001. arrowencodes an LDL-receptor-related
protein essential for Wingless signalling. Nature 410, 847.
Zhao, J., Kim, K.A., Abo, A., 2009. Tipping the balance: modulating the Wnt pathway for
tissue repair. Trends Biotechnol. 27, 131–136.
